1. Total body, intracellular, and extracellular electrolyte and acid-base changes were studied following sodium nitrate-induced potassium and chloride depletion and subsequent selective chloride repletion.
Potassium and chloride may be varied independently of each other by initial depletion of potassium and chloride stores with repeated infusions of sodium nitrate and then selective replenishment of chloride. However, analysis of results is clouded by secondary changes of body fluid compartments. When these selective electrolyte depletions are combined with measurement of pl-l, and pHi as well as body fluid constituents, quantitative interrelationships between electrolytes and acid-base parameters may be explored.
It was found that the extracellular alkalosis observed after nitrate infusion was due in part to transcellular acid shifts and development of intracellular acidosis, in part to extracellular fluid (ECF) contraction, and in small part to other causes. Intracellular acidosis persisted but extracellular hydrogen ion concentration [H+] e returned to normal when chloride was repleted and potassium was not replaced, suggesting that to a large extent [H+] e is a function of extracellular chloride concentration [Cl"je and intracellular hydrogen ion concentration ([H+] i) of intracellular potassium concentration ([K +]i). The failure of others to find intracellular acidosis during potassium depletion will be discussed.
METHODS
Thirteen trained, unanaesthetized dogs of both sexes ranging from 12·5 to 27·5 kg were studied in twenty-two experiments. The animals were maintained throughout the experiment on a diet low in Na, K, and CI by feeding 7 g kg-1 day " ! of ground horsemeat which had been washed thoroughly with distilled water and then oven-dried, removing virtually all the sodium, potassium and chloride (Na 26·3 ±2'3, K 45·8 ± 3'5, CII9'0±0'9 J.lEq/g dry weight (average of five determinations)).
The experimental protocol is shown in Fig. 1 . Following control measurements made after 3 days on the diet, 11 mmol/kg of O'335 M NaN0 3 was infused over 90 min on each of 5 consecutive days to cause K and CI depletion. After a 2 day rest period, a second set of measurements (low K, low CI) was made. Then 11 mmol/kg of 0·335 M NaCI was administered in a similar manner on 2 consecutive days to return [Cl"je to normal. After an additional 2 day rest period, a third set of measurements was made (low K, normal CI). Following these measurements, a final set of measurements was made 2 days after either infusion of hypertonic NaCI (low K, high CI) or after 2 days of oral administration of 500 ml of 1% KCI (normal K, normal Cl).
Infusions and blood sampling were performed via an indwelling polyethylene catheter in either the right ventricle or pulmonary artery as confirmed at autopsy or by analysis of pressure tracings.
The following measurements were made on heparinized, anaerobic whole mixed venous blood: pH (Radiometer pH meter), Pco; (Severinghaus electrode or Astrup interpolation method), and haematocrit (International Microcrit). Plasma concentrations of sodium and potassium (Zeiss double monochromator with flame attachment), chloride (Buchler-Cotlove chloridometer) and water content (Goldberg A-O refractometer) were also measured. In the first four experiments TBW (total body water), ECF (extracellular fluid volume) and pl-l, were determined using 3HOH, Na35S04, and non-labelled DMO (5, 4, oxazolidindione) by the method of Lambie, Anderton, Cowie, Simpson, Tothill & Robson (1965) , which involves chemical measurement of DMO concentrations. In the fifth experiment 3HOH, Na 2 35S0 4, and DMO_ 14C were used; water for 3HOH counting was separated by Thunberg distillation and DMO_ 14C was extracted with ether. These methods gave results similar to the simpler and more readily reproducible differential counting of 3HOH, 36CI, and DMO_ 14C in the same sample (vide infra) used in all subsequent experiments; they are therefore included with the later ones. Forty-nine determinations of TBW, ECF and pH; were made by isotopic dilution of 3HOH, Na 36CI and DMO_ 14C (New England Nuclear Corporation), respectively. The doses ofisotopes eH: 0·1 mCi; 36CI: 0·01 mCi; 14C: 0·025 mCi) and calculations were similar to those of , an isotopic modification of the original method of Waddell & Butler (1959) for determination of pH; by the distribution ofDMO.
The following changes were made in the procedure of : Separated plasma was deproteinized by addition of an equal quantity of 5% TCA and 1 ml of the resulting supernate was added to 15 ml of a dioxane-based fluor (Bray, 1960) . Background and standard counts were obtained from aliquots of blood drawn prior to the isotope injection to which 0·5 ml of either water or a dilution of the isotope injectate in water of the same concentration expected in blood were added. Since both our data and that of indicated complete equilibration of the isotopes at 2-3 h with less than 1% excretion, another blood sample was drawn at this time and treated similarly except for deletion of the isotope dose dilution step. Differential counting was initially performed on a Nuclear-Chicago single channel liquid scintillation counter at three different discriminator settings to maximize the counts for each isotope. It was possible to count 36CI free of contamination from 3H or 14C. Subsequently, a three channel Packard Tri-Carb counter was used with similar results. A minimum of 10 000 counts in triplicate was obtained at each setting.
Fifty-four successful determinations were made. Some data were incomplete because of procedural difficulties such as problems with obtaining anaerobic or sufficient samples; these were usually recognized at the time of the experiment.
Muscle pH; was measured in another eight dogs by the method of during the low K, low CI period in four and during the low K, normal Cl period in the other four animals. The isotopes were injected and allowed to equilibrate for 3 h before the induction of anaesthesia by intravenous pentobarbitone which was administered just prior to thigh muscle biopsy.
Total body exchangeable K of another nine dogs under control conditions was determined at 18-24 h following injection of 3 mCi of 4zK to establish control values for [K +]i. 4zK was counted in a Picker well counter. Exchangeable K was calculated from specific activities of urines collected hourly 18-24 h after injection, since urine specific activity is equal to that of blood and was constant during this period. [K +]i was calculated from body space sizes measured simultaneously with 3H and 36Cl. Muscle [K +]i and [Na +]i were also determined in five additional 'control' dogs by direct analysis of surgically removed thigh muscle. Water content was determined by drying. Electrolyte concentrations were determined either by extraction from the pulverized dried specimen by overnight shaking with water or by analysis of the supernate resulting from tungstate precipitation of proteins (Cotlove, 1964) ; results were similar in both cases. Sodium and potassium concentrations were determined with a Beckman model DU spectrophotometer with flame attachment utilizing standards designed to give the expected ratios of electrolyte concentrations. Chloride concentration was determined after alkaline perborate or hydrogen peroxide oxidation (Cotlove, 1964) . Extracellular water content was assumed to be equal to the CI space. Values for [K +]i were similar using both the exchangeable K and muscle analysis methods. For this reason all normal [K +]i data were pooled. Body content of Na was calculated from the formula: Na body content = [Na +]e x ECF + [Na +]i x ICF, where initial [Na+]i values were obtained from analyses of muscle obtained from the five additional control dogs. Changes in body K and Na content from control values were calculated from external balances of K and Na, using standard balance techniques from analyses of aliquots of pooled urine and ashed faeces during each experimental period.
[Na+]i and [K +]i in the experimental periods were estimated from the calculated Na and K body content and from the measured body fluid spaces.
[HC0 3 -]i was calculated from measured pH j and mixed venous Peo z , which was assumed to be equal to intracellular Pco-; using a pK of 6·10 and solubility coefficient for CO 2 of 0·03. Concentration of electrolytes in interstitial fluid was estimated by multiplying plasma concentrations by the appropriate Donnan factor (1,05 for anions, 0·95 for cations) and dividing by the measured plasma water content.
Significance tests, whenever possible, utilized paired differences of observations from the control condition made on the same animals; otherwise, Student's t-test was used (Hoel, 1960) . Table I presents the acid-base parameters and electrolyte concentrations of the extracellular fluid during control and experimental periods.
RESULTS

Extracellular ion concentrations and acid-base parameters
Following sodium nitrate infusion (i.e., during combined K and CI depletions, low K and low CI period) there was marked extracellular hypochloraemia, hypokalaemia and alkalosis. There was also mild hypercapnia and hyponatraemia.
In the third period (low K, normal Cl) following infusion of NaCI and restoration of [CI-]e to normal, there was mild extracellular acidosis (in contrast to previous alkalosis), elevation of [Na+] 
Abbreviations: Mean± SEM (number of observations), nmol/I = mol/l x 10-9 , % BW = per cent body weight, * = 0-01<P<0'05, t = 0·001 <P<O'OI, t = P<O·OOI. Repletion of K and CI stores by addition of KCI to drinking water (normal K and normal CI period) resulted in restoration of [K +]i to normal and fall in [Na +]i to a level which was still higher than but not significantly different from normal. Intracellular pH was not measured during this period.
Intracellular ion concentrations and pH
Body composition
Since the same dogs were not used to obtain mean values for each period of this study, direct comparison of means of such variables as body weight, TBW and body content of electrolytes is not possible. However, in ten experiments there are complete data for each dog for each of the first three periods. Utilizing these data and the mean electrolyte concentrations from Tables 1  and 2 , theoretical body composition of a typical 20 kg dog was calculated (Table 3) .
Nitrate infusion (low K, low Cl period) produced a loss of weight which was largely fluid but in part solids. The principal fluid loss was from the ECF. Total extracellular Na decreased 
Abbreviations: See Table 1 . and intracellular Na increased proportionally so that total body Na was essentially unchanged.
There was approximately a 20% decrease in total body K, consistent with the data of Gulyassy et al. (1962) . Total body CI decreased by almost 50%. These infusions therefore produced marked K and CI depletion and a shift of Na from ECF to ICF. Sodium chloride infusion (low K, normal CI period) produced little change in body weights as compared to the previous period. ECF and ICF both increased (but not to control levels) and total body solids declined. Both extracellular and intracellular Na increased so that total body Na was approximately 10% above control. Total body K was virtually unchanged from the previous period. Total body Cl was 92% of the control value. Thus, NaCl infusions corrected the previous Cl depletion but did not affect the previous K depletion.
Acid-base balance
The acid-base balance data of Gulyassy et al. (1962) indicated that there was no consistent effect of sodium nitrate infusions on renal acid excretion, suggesting that the observed extra-cellular alkalosis was due either to contraction of ECF or to shift of acid into the intracellular space. The data of Table 3 indicates that both of these changes occurred. As compared to control, nitrate infusions (low K, low Cl period) resulted in an increase in [HC0 3 -]e which was due to both contraction of the ECF and an increase in total extracellular bicarbonate content. Since intracellular bicarbonate content declined, total body bicarbonate increased only minimally (6%). On the other hand, sodium chloride infusions (low K, normal Cl period) were followed by decreases in both total intracellular and total extracellular bicarbonate content, consistent with the report of excretion of large amounts of bicarbonate after chloride administration (Gulyassy et at., 1962) . 
Intracellular and extracellular ionic differences
Abbreviations: See Table 1 . § See text for details of calculation. DISCUSSION In this experiment, potassium and chloride depletion were produced by sodium nitrate infusion; chloride stores were then corrected while maintaining potassium depletion. It was therefore possible to study independent effects of these ionic depletions on extracellular and intracellular hydrogen ion concentrations. The most significant observations were that [H+] e is related to [Cl-]e and chloride stores and that [H+] i is related to [K+]e, [K +]i and potassium stores. The probable explanations for these observations and the aetiology of nitrate alkalosis and abnormal transcellular ionic balances will also be discussed.
Aetiology of alkalosis due to NaN0 3 infusion
The results of this study indicate that the alkalosis following sodium nitrate infusion is largely due to transcellular redistribution of acid. Gulyassy and his co-workers (1962) , on the basis of extracellular fluid and urine acid-base measurements during nitrate alkalosis, predicted that there would be little or no change in pHi following sodium nitrate infusions (i.e., during the low K, low Cl period). They reported no significant change in renal acid excretion following such infusions. Following sodium chloride administration larger amounts of bicarbonate were excreted than could be accounted for by decreases in extracellullar bicarbonate stores, suggesting loss of intracellular bicarbonate. They interpreted these data as evidence against development of simultaneous intracellular acidosis and extracellular alkalosis. Our calculations of total body bicarbonate content (Table  3 ) are in basic agreement with their data but not their interpretations. Our observations on pHi (Table 2) indicate that intracellular acidosis does in fact occur after NaN0 3 infusion and persists after NaCl infusion. Therefore, there appears to be a trans cellular redistribution of acid following NaN0 3 administration; NaCI administration then results in loss of bicarbonate from both the intracellular and extracellular compartments.
Transcellular ionic balance
It is considered axiomatic that there is no transcellular osmotic gradient. Therefore, the observed differences between the sums of extracellular and intracellular cations [Na-t-K] (Table 4) following nitrate infusion are difficult to explain. It might be due to an increased concentration of another (unmeasured) cation; or it might be caused by altered affinity of intracellular cations to binding sites. It is unlikely that there can be a large enough change in the concentration in intracellular water of the other major intracellular cation, Mg, even with potassium depletion, to account for the observed difference (Whang, Morosi, Rodgers & Reyes, 1967) . Intracellular acidosis has been reported to be associated with a fall in [Na+]i +
[K+]i (Eckel et al., 1958 (Eckel et al., , 1959 Gardner et al., 1962; Hudson & Relman, 1962; Irvine et al., 1960) presumably because the increased amount of intracellular hydrogen ion reacts, in part, with a portion of the available anions, decreasing reactive sites normally available for association with Na and K. Therefore, the finding of decreased extracellular [Na+] and [K +] and increased intracellular [Na"l +[K +] and increased [H+] i observed in all the low K periods of this study was unexpected. By exclusion, the most likely explanations for maintenance of electrical neutrality and osmotic balance seem to be either appearance of new anionic sites on large molecules, such as may be produced by conformational change in the tertiary structure of proteins, or binding of intracellular Na or K. There is some evidence for the former during decreased pH (Ida & Ooi, 1967) , and for the latter under various conditions (Lev, 1964; Ling & Cope, 1969) .
Relationships between extracellular ions
Data from all the experiments are plotted in Figs. 2-6. Fig. 2 (Fig. 3) and [CI-]e was observed to be related to [HC0 3 -]e (Fig. 4) , then [H+]e will be related to [Cl-]e (Fig. 2) .
The physiological relationships between [Cl" je and [HC0 3 -]e and between Peo 2 and [HC0 3 -]e deserve further comment. Since chloride and bicarbonate are the major extracellular anions they would be expected to vary inversely if there were no major changes in concentrations of 'unmeasured anions' or in the sum of the extracellular cations. However, as may be seen in Table 4 , in the low K, low CI period the sum of extracellular cations concentrations decreased 10·7 mEqjl and the concentration of 'unmeasured anions' increased 12·9 mEqjl. Despite these considerable changes, [Cl-]e remained inversely proportional to [HC0 3 -]e (Fig. 4) suggesting the operation of other physiological adjustments. The major adjustments involved are probably an increase in extracellular organic anion concentration during alkalosis (Gulyassy et al., 1962; Huckabee, 1958) and accumulation of intracellular Na and consequent decrease of [Na+]e during K depletion (Tables 2 and 3 ). There is no reason to expect that this relationship would necessarily hold with a primary increase in organic anions such as during diabetic ketoacidosis or lactic acidosis for example.
Though early studies did not show any relationship between alkalosis and hypoventilation (Roberts, Popell, Vanamee, Beals & Randall, 1956) , more recent studies have reported a close physiological relationship (Bradley & Semple, 1962; Fencl, Miller & Pappenheimer, 1966; Goldring, Cannon, Heinemann & Fishman, 1968; Mitchell & Singer, 1965; Stone, 1962 ...
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-- 1965; Simmons & Avedon, 1959) ; data from control and low K, low CI periods shown in Fig. 5 support this view. However, when data from the remaining periods (i.e., isolated potassium depletion without chloride depletion) are examined it may be noted that extracellular fluid pH may be normal or even acidotic during hypokalaemia. Kassirer & Schwartz (1966) have postulated that renal loss of both K + and H + ions is accelerated during chloride depletion 
Intracellular acidosis
Intracellular acidosis was noted during all of the potassium depletion periods of this study (Table 2 ) and in studies of potassium depletion reported by some (Gardner et al., 1962; Irvine et al., 1960) but not all other investigators (Eckel et al., 1958 (Eckel et al., , 1959 Hudson & Relman, 1962) . It is evident from examination of the experimental protocols of all these studies that the one major difference between the two groups of opposing results was the presence or absence of simultaneous Na depletion. In this and all of the studies reporting an association between potassium depletion and intracellular acidosis, adequate dietary or exogenous sodium was provided whereas simultaneous sodium and potassium depletion occurred during the studies not observing this association. These observations suggest an association between movement of hydrogen, potassium and sodium ions across cellular membranes as recently emphasized by Waddell & Bates (1969) . However, [Na +]i increases markedly in both types of potassium depletion; therefore the mechanism by which sodium loading assists in the production of intracellular acidosis during potassium depletion is unknown.
Values for intracellular pH both of total body and skeletal muscle were obtained in this experiment. From the measured space sizes, measured concentration of DMO, and the percentage of the body which is muscle (Stewart, 1921) ,'non-muscle' pl-l,was calculated (Table 5) . It is apparent that muscle pH j is less than whole body pH j during all periods; the difference varied from 0·05 to 0·09 units. Intracellular pH of 'non-muscle', or that conglomerate of tissues which are not muscle, changed in the same direction as both total body and skeletal muscle pH. It is not surprising that whole body and muscle pH values are so similar. A large fraction of the mammalian body is muscle (Stewart, 1921) and recent studies of the organ distribution of DMO and fluid space markers indicate that there are no large disproportionate collections of DMO_ 14C, 3HOH or 36Cl in any organ (Wilson & Simmons, 1970) . In this study, prime emphasis was given to total body pl-l, measurements for several reasons.
Since unanaesthetized animals can be used for measurement of total body pHi> artefacts of anaesthesia necessary for tissue sampling can be eliminated. Comparison of other variables can then be made with similar studies in unanaesthetized animals in which pHi was not measured (Wilson & Simmons, 1965) . Single animals can be studied before, during, and after electrolyte depletion and even restudied, eliminating inter-animal variability to improve statistical analysis.
The (Table 5 ). However, the 10: 1 relationship noted by during potassium depletion produced by gastric drainage and by administration of sodium bicarbonate and desoxycorticosterone acetate was observed only during the control period. Recently, Kim & Brown (1968) 
